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SURFACE TREATMENT OF Ti6Al7Nb ALLOY BY THERMAL 
OXIDATION 
SUMMARY 
The inventions and applications started by the technology transfer to medical 
sciences exposed many innovations in medical implants. Especially, the new 
generation biomaterials enhance and encourage the repair and replacement of the 
functional tissues of the body. Although titanium alloys exhibit excellent properties 
for various applications, including medical devices, their poor tribological 
performance limits their long-term efficiency in human body. Ti6Al4V and pure Ti 
are the most used implant materials among titanium based alloys. Ti6Al7Nb has been 
recently improved for biomedical applications. At last years developing processing 
techniques have made Ti6Al7Nb take more important roles. 
It is a matter of concern to improve the wear properties of titanium alloys by means 
of surface engineering, since they are the most appropriate materials for biomedical 
applications. Thermal oxidation is a simple way of producing wear resistance 
surfaces for titanium alloys. By utilizing the suitable treatment condition, modified 
surface layer, which is composed of TiO2 and oxygen diffusion zone, provides 
enhanced corrosion and wear properties for titanium alloys. 
In this study, it has been examined to form a mechanically stable and corrosion 
resistant surface without sacrifying the bulk hardness, the optimum oxidation 
conditions will be determined for further evaluation of wear and corrosion  
performances. Characterization of modified surface layers will be carried out by 
























Ti6Al7Nb ALAŞIMININ TERMAL OKSĐDASYON YÖNTEMĐYLE YÜZEY 
ÖZELLĐKLERĐNĐN GELĐŞTĐRĐLMESĐ 
ÖZET 
Teknolojinin tıp bilimine transferiyle başlayan gelişmeler ve uygulamalar, 
protezlerde pek çok yeniliği de ardından getirmiştir. Özellikle yeni nesil 
biyomalzemeler, vücuttaki fonksiyonel dokuların tamir ve değişimine güç ve cesaret 
vermektedir. Titanyum alaşımları üstün özellikleri sayesinde, medikal aygıtları 
içeren çeşitli uygulama alanlarında kullanılmaktadır. Fakat uzun süreli ve etkin 
kullanımları yetersiz tribolojik özellikleri nedeniyle kısıtlanmaktadır. Ti esaslı 
alaşımlar arasında saf Ti ve Ti6Al4V en çok kullanılan implant malzemeleridir. 
Ti6Al7Nb biyomedikal kullanım için yeni geliştirilmiştir. Son yıllarda geliştirilen 
yeni üretim teknikleri bu alaşımı daha çok ön plana çıkarmaktadır. 
Titanyum alaşımlarının medikal uygulamalar için vazgeçilmez olması, yetersiz 
aşınma özelliklerinin yüzey işlemleri ile geliştirilmesini gerekli kılmaktadır. Termal 
oksidasyon yöntemi ile yüzeyde TiO2 ve yüzeyden içeri doğru gelişen oksijen 
difüzyon tabakaları elde edilmektedir. Basitliği ve uygulama kolaylığın yanı sıra 
sağladığı yüzey özellikleri ile iyileştirilmiş korozyon direnci ve aşınma 
performansını sağlamaktadır. 
Bu çalışmada, termal oksidasyon işleminin, Ti6Al7Nb alaşımlarının yüzey 
özelliklerine ve biyouyumluluklarına etkisinin araştırılması amaçlanmıştır. Kütlesel 
sertlikten fedakarlık yapmadan mekanik olarak kararlı ve korozyona dirençli yüzey 
tabakası oluşturan optimum oksidasyon koşulları mikroyapı çalışmaları, sertlik 
ölçümleri, aşınma ve korozyon testleri yardımıyla belirlenecektir. Yüzey tabakasının 
karekterizasyonu mikroskobik incelemeler, yüzey sertlik ölçümleri ve X-Işını 
difraksiyon analiziyle gerçekleştirilecektir. 
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1.  INTRODUCTION 
Titanium and its alloys exhibit excellent mechanical properties, including a very high 
strength to weight ratio (specific strength) and an outstanding corrosion resistance; 
they are widely used in several kinds of industries which range from aerospace, 
motor sport and chemical engineering sectors though to a variety of medical 
applications like human joint replacements and dental implants [1]. 
Pure titanium and Ti alloys spontaneously develop a protective passive layer, few 
nanometers thick, when exposed to an oxygen containing atmosphere. This layer 
confers a high biocompatibility, associated with a high corrosion resistance in 
aggressive biological environments [2]. It is this film which is responsible for 
affording titanium and its alloys with excellent corrosion resistance, in many aqueous 
media, and assures their excellent biocompatibility. Accordingly, titanium and its 
alloys have received exploitation in medical implant applications for >30 years [1]. 
In the past few years, new Ti alloys have been intensively investigated and 
developed for biomedical applications as possible substitutes of the well-established 
Ti6Al4V alloy. Though this alloy presents excellent mechanical and corrosion 
properties, it contains vanadium, which is known to be cytotoxic. Thus, avoiding 
metal ion release and obtaining vanadium-free alloys with similar properties has been 
the focus of interest of recent investigations [3]. The possibility of V release and the 
increasing trend in the use of prostheses have encouraged the development of new 
alloys without V for use in biomedical devices, such as Ti6Al7Nb, Ti15Mo3Nb, 
Ti13Nb13Zr and Ti15Zr4Nb [4]. 
Unfortunately, the poor tribological properties of titanium alloys are still a limit for 
their widespread use in many industrial fields [5]. Surface modification of 
biomaterials is commonly applied to increase their corrosion and wear resistance. 
The resulting surface should be at least as biocompatible as the non-modified 




In order to improve not only the corrosion behaviour of metallic biomaterials but also 
their biocompatibility and mechanical properties, numerous surface modification 
treatments have been studied. A simple method to generate a barrier on the alloy 
surface is to treat it thermally in an oxygen rich atmosphere, which produces a 
surface oxide layer. This method has already been investigated with different 
biomaterials as well as with candidates to biomaterials. In biomedical applications, 
the chemical composition and stability of the surface oxide layer is of high interest 
because the surface of biomaterials is in direct contact with biological tissues [4]. 
The aim of the present study is to investigate the air behaviour, improve wear and 





2.  STRUCTURE AND PROPERTIES OF TITANIUM AND TITANIUM 
ALLOYS 
2.1 Metallurgical Aspect of Titanium 
Titanium is a transition metal. It occurs in several minerals including rutile and ilmenite, 
which are well dispersed over the Earth’s crust. Even though titanium is as strong as 
some steels, its density is only half of that of steel. The large variety of applications is 
due to its desirable properties; mainly the relative high strength combined with low 
density and enhanced corrosion resistance.  
Titanium may be considered as being a relatively new engineering material. It was 
discovered much later than the other commonly used metals, its commercial application 
starting in the late 40’ s, mainly as structural material. Its usage as implant material began 
in the 60’ s. 
The microstructure diversity of titanium alloys is a result of an allotropic 
phenomenon. Titanium undergoes an allotropic transformation at 882 °C. Below this 
temperature, it exhibits a hexagonal close packed (HCP) crystal structure, known as α 
phase, while at higher temperature it has a body centered cubic (BCC) structure, β phase. 
The latter remains stable up to the melting point at 1670 °C.  As titanium is a transition 
metal, with an incomplete d shell, it may form solid solutions with a number of 
elements and hence, α and β phase equilibrium temperature may be modified by allowing 
titanium with interstitial and substitutional elements [6]. 
The existence of the two different crystal structures and the corresponding allotropic 
transformation temperature is of central importance since they are the basis of for the 
alloys large variety of properties achieved by titanium [7].  
The manipulation of these crystallographic variations though alloying additions and 
thermomechanical processing is the basis for the development of a wide range of alloys 
and properties. Based on the phases present, titanium alloys can be classified as either α 
alloys, β alloys, α+β alloys [8]. 
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2.2 Classification of Titanium Alloys 
Titanium alloying elements fall into thee class: α-stabilizers, β-stabilizers and neutral. 
While elements defined as α-stabilizers lead to an increase in the allotropic 
transformation temperature, other elements, described as β-stabilizers provoke a decrease 
in such a temperature. If no significant change in the allotropic transformation 
temperature is observed, the alloying element is defined as neutral element. Neutral 
elements do not have marked effect on the stability of either of the phase but form 
solid solutions with titanium are termed as neutral elements (Zr and Sn however, 
work carried out by Geetha et al have shown that the addition of Zr stabilizes 
the β phase in Ti-Zr-Nb system)[9].  
Figure 2.1 shows a schematic representation of types of phase diagram between 
titanium and its alloys elements. As a result, titanium alloys with an enormous diversity 
of compositions are possible. Among α-stabilizer elements are the metals of IIIA and 
IVA groups (Al and Ga) and the interstitials C, N and O. Among the α-stabilizers, 
aluminum is by far the most important alloying element of titanium. On the contrary, 
β-stabilizer elements include the transition elements (V, Ta, Nb, Mo, Mg, Cu, Cr and Fe) 
and the noble metals. Mo, V, Ta are by far more important due to their much higher 














Figure 2.1: Schematic representation of types of phase diagram between titanium and 
its alloying elements [6] 
Addition of α and β-stabilizer elements to titanium gives rise to a field in the 
corresponding phase diagram where both α and β phase may coexist. Titanium alloys 
exhibit a variety of properties, which are connected to chemical composition and 
metallurgical processing, According to the nature of their microstructure, titanium 
alloys may be divided as either α alloys, β alloys and α+β alloys.  
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Beta alloys may be further classified into near β and metastable β alloys.  
• Alpha titanium alloys: Especially formed by CP titanium and alloys with α-stabilizer 
elements, which present only α phase at room temperature. Such alloys show high 
creep resistance superior to β alloys and are thus suitable for high temperature 
service. Since no metastable phase remains after cooling from high temperature, no 
major modification in terms of microstructure and mechanical properties are possible 
using heat treatments. Finally, as α phase is not subjected to ductile-brittle transition, 
these alloys are proper for very low temperature applications. Regarding mechanical 
and metallurgical properties, α alloys present a reasonable level of mechanical strength, 
high elastic modulus, good fracture toughness and low forgeability, which is due to the 
HCP crystal structure [6, 7, 8].  
•  α+β alloys:  Alloys containing higher amounts of β stabilizers which results 
in 10-30% of β phase in the microstructure are known as α + β alloys. Most 
of the biomedical titanium alloys belong to α + β alloys. The characteristics of both 
α and β phases may be tailored by applying proper heat treatments and 
thermomechanical processing. A significant assortment of microstructures may be 
obtained when compared to α type alloys. The Ti-6Al-4V alloy is an example of α+β 
type alloy. Due to its large availability, very good workability and enhanced 
mechanical behaviour at low temperatures, such an alloy is the most common 
composition among the titanium alloys and based on these characteristics it is still 
largely applied as a biomaterial, mainly in orthopedic implant devices [6, 8, 9]. 
• Beta titanium alloys: Obtained when a high amount of β-stabilizer elements are 
added to titanium, which decreases the temperature of the allotropic transformation 
(α/β transition) of titanium [6]. Since high modulus of α + β titanium alloys results 
in bone resorption and implant loosening, lower modulus alloys that retain a 
single  phase microstructure on rapidly cooling from high temperatures are 
attracting a great deal of interest. Further, theoretical studies of Song et al. have 
shown that Nb, Zr, Mo, and Ta are the most suitable alloying elements that can be 
added to decrease the modulus of elasticity of bcc Ti without compromising the 
strength. Based on these considerations the biomedical titanium alloys developed 
recently consist mainly of Ti, Nb, Ta and Zr. Alloys like Ti-29Nb-13Ta-4.6Zr, Ti-
35Nb-7Zr-5Ta and several other compositions have now received considerable 
attention and investigated seriously [6, 7, 9]. 
 
6 
2.3 Mechanical Properties Depending on Microstructure 
Mechanical strength may be increased by adding alloying elements, which may lead to 
solid-solution strengthening or even, precipitation of second phases. Also, by using ageing 
processes, metastable structures obtained by rapid quenching from β field may give rise 
to fine precipitates, which considerably increases mechanical strength. 
Titanium alloys present a high strength-to-weight ratio, which is higher than with most 
of steels. While CP titanium has yield strength between 170 (grade 1) and 485 MPa 
(grade 4), titanium alloys may present values higher than 1500 MPa [6]. 
Usually, α alloys which are single phases show only moderate strength. However, 
the two-phase α+β alloys can be hardened to high strength levels. 
Since the fracture toughness of titanium alloys is strongly dependent on the 
microstructure and the aging conditions, there is no firm correlation between the 
different alloys classes [7].  
The elastic modulus or Young modulus corresponds to the stiffness of a material and is 
associated to the way interatomic forces vary with distance between atoms in the 
crystal structure. A comparison between both crystal structures of titanium has led to 
the conclusion that HCP structure presents higher values of elastic modulus than the 
BCC structure. Hence, addition of β-stabilizer elements allows β phase stabilization 
and therefore, low elastic modulus alloys. While CP titanium shows elastic modulus 
values close to 105 GPa, Ti-6Al-4V type α+β alloy presents values between 101 and 
110 GPa, type β titanium alloys may present values as low as 55 GPa. When 
compared with common alloys used as biomaterials, such 316 L stainless steel (190 
GPa) and Co-Cr alloys (210-253), low elastic modulus titanium alloys display a more 
compatible elastic behaviour to that of the human bone. In general, as the elastic 
modulus decreases, so does the mechanical strength and vice versa [10]. 
The α+β treated structures have higher strength, higher ductility and higher low 
cycle fatigue while the β treated structures have higher fracture toughness. In 
general, strength of an alloy increases with increasing β stabilizer content [9]. 
Analysis of slip systems in different crystal structures reveals that plastic deformation is 
easier in BCC crystal structure than in HCP structure. It explains the enhanced ductility 
of β phase when compared to α phase. In a HCP structure the number of slip systems 
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is only thee, while this number increases to 12 in the case of BCC structure. In addition, 
the ease of plastic deformation facility is directly connected to the minimum slip 
distance, bmin, which is given by the interatomic distance divided by the respective 
lattice parameter. Since, HCP structure exhibits a higher slip distance than BCC 
structure, it is possible to conclude that the atomic planes slip or the plastic 
deformation is easier in BCC structure than HCP. Hence, β type alloys present the 
best formability among the titanium alloys [6]. The effects of microstructure on the 
various   properties of titanium alloys are schematically shown in Figure 2.2. 
 





3.  TITANIUM AND ITS ALLOYS FOR MEDICAL APPLICATION 
Biomaterials are artificial or natural materials, used to in the making of 
structures or implants, to replace the lost or diseased biological structure to 
restore form and function. Since the population ratio of the aged people is rapidly 
growing, the number of the aged people demanding replacing failed tissue with 
artificial instruments made of biomaterials is increasing. In particular, the amount of 
usage of instruments for replacing failed hard tissues such as artificial hip joints, 
dental implants, etc. is increasing among the aged people [12]. 
Biomaterials are used in different parts of the human body as artificial valves in 
the heart, stents in blood vessels, replacement implants in shoulders, knees, hips, 
elbows, ears and ortodental structures (Figure 3.1). It is also used as cardiac 
simulator and for urinary tract reconstruction. Amongst all these, the number of 
implants used for spinal, hip and knee replacements are extremely high [9, 13]. 
Human joints suffer from degenerative diseases such as arthritis leading to pain 
or loss in function. The degenerative diseases lead to degradation of the 
mechanical properties of the bone due to excessive loading or absence of normal 
biological self healing process. It has been estimated that 90% of population over 
the age of 40 suffers from these kinds of degenerative diseases and the aged people 
population has increased tremendously in recent past and it is estimated there will 
be a seven times increase (from 4.9 million which was in 2002 to 39.7 million by 
2010) [9, 14]. 
 
Figure 3.1: Total hip and knee implants replacements [9] 
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The materials used for orthopedic implants especially for load bearing 
applications should possess excellent biocompatibility, superior corrosion 
resistance in body environment, excellent combination of high strength and low 
modulus, high fatigue and wear resistance, high ductility and be without 
cytotoxicity.  
Presently, the materials used for these applications are 316L stainless steel, 
cobalt chromium alloys, and titanium based alloys. Unfortunately, these 
materials have exhibited tendencies to fail after long term use due to various 
reasons such as high modulus compared to that of bone, low wear and corrosion 
resistance and lack of biocompatibility. The various causes for revision surgery 
are depicted in Figure 3.2 [9]. 
Recently, titanium alloys are getting much attention for biomaterials because they 
have excellent specific strength and corrosion resistance, no allergic problems and 
the best biocompatibility among metallic biomaterials. These attractive properties 
were a driving force for the early introduction of Cp-Ti and α+β type alloys as well 
as for the more recent development of new titanium alloy compositions and 
orthopedic β alloys [12, 13]. 
Predominant advantages of titanium are; 
1. High corrosion resistance and chemical stability 
2. Excellent biocompatibility 
3. Bony apposition 
4. No allergic reaction 
5. Low elastic modules ( high elastic flexibility) 
6. Low weight 
7. Modifiable surface properties 











3.1 Requirements of Biomaterials 
3.1.1 Mechanical properties 
Concerning mechanical behaviour, biomedical titanium alloys applied as biomaterial 
mainly in hard tissue replacement, must exhibit a low elastic modulus combined with 
enhanced strength, good fatigue resistance and good workability. Mechanical 
behaviour of titanium alloys is directly related to composition and mainly, 
thermomechanical processing. Some mechanical properties of selected titanium based 
materials applied as biomaterials are shown in Table 3.1 [6, 15] 
Table 3.1: Selected Ti base materials developed for medical applications [6] 
 
Some of the properties that are of prime importance are hardness, tensile 
strength, modulus and elongation. The response of the material to the repeated 
cyclic loads or strains is determined by the fatigue strength of the material 
and this property determines the long term success of the implant subjected 
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to cyclic loading. If an implant fractures due to inadequate strength or 
mismatch in mechanical property between the bone and implant, then this is 
referred to as biomechanical incompatibility. The material replaced for bone 
is expected to have modulus equivalent to that of bone. The bone modulus 
varies in the magnitude from 4 to 30 Gpa depending on the type of the bone 
and the direction of measurement. The current implant materials which have 
higher stiffness than bone, prevent the needed stress being transferred to 
adjacent bone, resulting in bone resorption around the implant and 
consequently to implant loosening. This biomechanical incompatibility that 
leads to death of bone cells is called as  ‘‘stress shielding effect”   Thus a 
material with excellent combination of high strength and low modulus 
closer to bone has to be used for implantation to avoid loosening of 
implants and higher service period to avoid revision surgery [9, 15, 17]. 
3.1.2 Biocompatibility  
The materials used as implants are expected to be highly non toxic and should 
not cause any inflammatory or allergic reactions in the human body. The 
success of the biomaterials is mainly dependent on the reaction of the human 
body to the implant, and this measures the biocompatibility of a material. The 
two main factors that influence the biocompatibility of a material are the host 
response induced by the material and the materials degradation in the body 
environment [9]. 
In the past few years, new Ti alloys have been intensively investigated and 
developed for biomedical applications as possible substitutes of the well-established 
Ti6Al4V alloy. Though this alloy presents excellent mechanical and corrosion 
properties, it contains vanadium, which is known to be cytotoxic. Thus, avoiding 
metal ion release and obtaining vanadium-free alloys with similar properties 
Ti6Al7Nb has been the focus of interest of recent investigations [3]. 
3.1.3 High corrosion and wear resistance  
The low wear and corrosion resistance of the implants in the body fluid results in 
the release of non compatible metal ions by the implants into the body. The 
released ions are found to cause allergic and toxic reactions. The service period of 
the material is mainly determined by its abrasion and wear resistance. The low 
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wear resistance also results in implant loosening and wear debris are found to 
cause several reactions in the tissue in which they are deposited. Thus 
development of implants with high corrosion and wear resistance is of prime 
importance for the longevity of the material in the human system [4].  
Titanium and its alloys, Ti6Al7Nb and Ti6Al4V (wt %), are among the most 
commonly used implant materials, particularly for dental, orthopedic and 
osteosynthesis applications. These materials are known to have a combination of 
properties making them particularly suited for biomedical applications: passive 
surfaces promoting excellent corrosion resistance and low rates of metal ion release, 
low specific weight, good overall mechanical properties, and little or no tendency to 
cause adverse cell or tissue reactions [18]. 
In order to improve not only the corrosion behaviour of metallic biomaterials but also 
their biocompatibility and mechanical properties, numerous surface modification 
treatments have been studied. A simple method to generate a barrier on the alloy 
surface is to treat it thermally in an oxygen rich atmosphere, which produces a 
surface oxide layer. This method has already been investigated with different 
biomaterials as well as with candidates to biomaterials [4]. 
3.1.4 Osseointegration  
'Fit and forget', is an essential requirement where equipment in critical applications, 
once installed, cannot readily be maintained or replaced. There is no more 
challenging use in this respect than implants in the human body [17]. 
The inability of an implant surface to integrate with the adjacent bone and 
other tissues due to micromotions, results in implant loosening. A fibrous 
tissue is formed between the bone and the implant, if the implant is not well 
integrated with the bone. 
Hence, materials with an appropriate surface are highly essential for the 
implant to integrate well with the adjacent bone. Surface chemistry, surface 





4.  CORROSION AND WEAR OF TITANIUM ALLOYS 
4.1 Corrosion of Titanium Alloys 
Corrosion resistance is one of the main properties of a metallic material applied in the 
human body environment and the success of an implant depends on the careful 
examination of this phenomenon [6]. 
Titanium has a high chemical reactivity and is easily oxidized, giving rise to a very 
adherent and thin oxide layer on the titanium surface. This oxide layer passivates the 
titanium, which results in a protection against further corrosion process as long as this 
layer is maintained. Actually, formation of passivation films on titanium does not mean 
cessation of corrosion processes. It means that the corrosion rate will be significantly 
reduced. Therefore, titanium is corrosion resistant in oxidizing environments but not 
resistant in reducing medium 
One of the main reasons is the fact that passive surfaces, typically 4–6nm thick films 
of amorphous or poorly crystallized and nonstochiometric TiO2, promote a high 
stability and a high in vitro corrosion resistance [19]. 
The natural 4-6 nm thick oxide layer on commercially pure titanium is composed of 
titanium oxide in different oxidation states (TiO2, Ti2O3 and TiO), while for the 
alloys, aluminum and niobium or vanadium are additionally present in oxidized form 
(Al2O3, Nb2O5 or V-oxides). 
Titanium and its alloys corrode either very quickly or extremely slowly depending on 
the environmental conditions. When in contact with body fluids having close to neutral 
pH, the materials exhibit corrosion rates that are extremely low and difficult to 
measure experimentally.  
Good corrosion resistance of titanium depends upon the formation of a solid oxide 
layer (TiO2) to a depth of 10 nm. After the implant is inserted, it immediately reacts 
with body liquids that consist of water molecules, dissolved ions, and proteins as 







                        Figure 4.1: Interaction between titanium and body liquids [6] 
The corrosion of an implant is considerably reduced by the formation of 
protective oxide layer. According to Cabrera and Mott the oxide film growth 
depends on the magnitude of the electric field and if the potential across the 
interface is decreased the film thickness decreases. The oxide film becomes 
thermodynamically unstable if the interface potential is made negative or pH is 
made low and these results in the dissolution of the oxide layer. The corrosion 
characteristics of an alloy are greatly influenced by the passive film formed on 
the surface of the alloy and the presence of the alloying elements. The structural 
changes in the film or the variation in the ionic or electrical conductivity of the 
film alters the passive film resistance against corrosion [9]. 
Lopez et al. [4] studied the corrosion behaviour of thee vanadium-free titanium 
alloys of biomedical interest, Ti6Al7Nb, Ti13Nb13Zr and Ti15Zr/4Nb and the 
oxidized Ti6Al/7Nb alloy showed the lowest corrosion current densities as well as 
the best pitting corrosion behaviour, and is thereby considered as the best of these 
materials for biomedical applications 
In the case of Ti64 alloy, the vanadium oxide in the passive film dissolves and 
results in the generation and diffusion of vacancies in the oxide layer of Ti64. On 
the other hand, addition of Nb as an alloying element has a stabilizing effect on 
the surface film of Ti based alloys. The addition of Nb enhances passivation and 
also resistance to dissolution. The enhanced corrosion resistance is due to the 
formation of Nb rich oxide which is highly stable in the body environment. 
Further, Nb addition improves the passivation property of the surface film by 
decreasing the concentration of anion vacancies [9]. 
A comparative study on the corrosion behaviour of Ti-Ta and Ti64 alloys 
showed that the addition of Ta remarkably reduces the concentration of metal 
release because more stable Ta2O5 passive film strengthens the TiO2 passive film 
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and hence possesses better corrosion resistance than Ti6Al4V alloy. Thus the 
corrosion resistance of the passive film is greatly dependent on the alloying 
element and their oxides formed [9]. 
Nakagawa et al. [9] studied the corrosion behaviour of Ti64, Ti6Al7Nb and Ti-
0.2Pd alloys and, they observed of all the thee alloys, the titanium alloy with Pd 
exhibited high resistance to corrosion over a wide range of pH due to enrichment 
of palladium on the surface.  
The work of Khan et al. [9] on corrosive wear studies of titanium alloys 
demonstrated that the Ti6Al7Nb and Ti64 possessed best combination of corrosion 
and wear in vitro accelerated corrosion test, although Cp Ti, TiNbZr and Ti-Mo 
alloys all displayed excellent corrosion resistance. 
Guleryuz et al. [21] According to results of corrosion tests carried out in an 
aggressive acidic solution (5 M HCl), oxidation at 600◦C for 60 h produced the most 
corrosion resistant surface on Ti6Al4V alloy. 
The presence of proteins also either inhibits or accelerates the corrosion of the 
implants in the body. The corrosion behaviour of thee titanium alloys Ti64, 
Ti6Al7Nb and Ti13Nb13Zr alloys in phosphate buffered solution revealed that 
amongst the thee titanium alloys, the alloy Ti13Nb13Zr was least affected by 
the change in the pH level and the hardness reduction due to corrosion in 
protein solution was less for this alloy when compared to other two alloys, 
thereby exhibiting its superiority compared to the other two alloys [9]. 
The corrosion resistance of an alloy is not only affected by its bulk 
composition but also by the microstructure developed. The redistribution of 
the alloying elements during heat treatment has been found to influence the 
corrosion resistance of an alloy. In Ti64, titanium is present in the form of 
TiO2 and aluminum in more stable oxidation state 3+ corresponding to Al2O3. 
On comparing the corrosion resistance of the two alpha beta alloys Ti6Al7Nb and 
Ti64, it is found that the high corrosion resistance of the former alloy is due to 
the formation of Nb2O5, which is chemically more stable, less soluble and more 




Extensive heat treatment studies carried out on Ti6Al7Nb alloy clearly revealed, the 
alloy heat treated at 950◦C /air cooled and aged at 550◦C exhibited the best corrosion 
performance in Ringer’s solution [9]. 
4.2 Wear of Titanium Alloys 
Loosening of total joint replacements made of metal head and polymer cup has 
been reported often and 10-20% of joints need to be replaced within 15-20 years 
and the aseptic loosening accounts for approximately 80% of the revisions. 
Improving the fixation and wear characteristics of total joint components is a 
major focus of orthopedic research. The reason for the failure of the implants is 
due to the release of wear debris from the implant into the surrounding tissue that 
results in bone resorption, which ultimately leads to loosening of the implant 
(Figure 4.2) the presence of foreign particles such as cement particles, metal beads 
or hydroxyapatite derived from coating aggravates the production of wear debris 











Figure 4.2: Wear of implant [9] 
The average coefficient of friction of the load bearing synovial joints such as 
hip and knee is about 0.02 and the wear factor is about 106 mm3/N. On the other 
hand the coefficient of friction for implant materials varies from 0.16 to 0.05 
depending upon the materials that are in contact and the kind of lubricant used 
for testing [9]. 
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Though titanium and its alloys are materials of choice for implantation, due to 
their several favorable characteristics as enumerated earlier, its application in 
articulating surfaces remains somewhat limited owing to its poor tribological 
properties. The poor tribological property of titanium is due to its low 
resistance to plastic shearing and low protection induced by surface oxides. 
Excessive wear of titanium and its alloys can be overcome only by changing [23]. 
Surface oxides, thus play an important role in influencing the wear behaviour 
and optimization of surface oxide properties though bulk or surface chemical 
modification can improve this problem. Rutile has good biocompatibility and is a 
potential friction-reducing and wear resistant material, and thus it has a great 
potential for applications in human implants, medical devices and other tribological 
applications [9, 24]. 
An original study on friction and wear properties of α-titanium has shown poor wear 
characteristics for unalloyed Ti as well as common titanium alloys. This performance 
was related to the properties of the oxide layer and the deformation behaviour of the 
subsurface regions. α -titanium, a relatively low shear strength hcp material, 
exhibited higher µ values, but also greater material transfer, due to its high reactivity, 
to non-metallic counterfaces, than higher strength materials.  
Titanium and titanium alloys were considered to have poor oxidative wear resistance 
when tribochemical reactions occur at the contact area. In a fundamental tribological 
study of titanium sliding against Al2O3, the static formation of TiO2 was reported to 
decrease the wear and friction coefficient of titanium. However, relatively high 
friction coefficients (0.4-0.75) were observed at room temperature, these values 
being in contradiction with the reported low friction coefficient of TiO2 (0.1-0.15). 
XRD analysis of wear debris showed that TiO was a dominant oxide suggesting that 
the formation of TiO during tribooxidation destroys the protective oxide layer and 
therefore increases friction. It was proposed that the scaling layer due to 
tribooxidation is composed, from surface to bulk material, of a thin TiO2 layer, a 
thicker TiO layer, an the Ti matrix. These findings were confirmed in another study 
by analysis of wear debris revealing the cubic TiO structure, this debris originating 
from regions where critical wear was observed (“smeared” regions). A 
noncontinuous discrete layer of compacted wear fragment was revealed, suggesting 
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that the mechanical instability of this layer was responsible for the erratic and high 
friction behaviour [25]. 
In addition to the surface characteristics, a high strain deformation occurring in 
near surface zone during wear is also of great importance. 
 The process that occurs during wear is described in detail by Long et al [9]. 
Fretting wear studies and sliding wear studies performed on Ti-35Nb-6Zr-5Ta by 
this group showed that mechanism of particle detachment is related to plastic 
deformation of superficial layers and formation of triboligically transformed 
layer below the wear track. 
Borgioli et al. [5] studied tribogical behaviour of thermally oxidized Ti6Al4V alloy. 
As a matter of fact, the wear volumes of the treated samples are from ~4 to 6 times 
lower than those of untreated samples. Thus, the thermal oxidation treatment, by 
producing hardened surface layers, is able to improve the wear resistance of Ti6Al4V 
components. 
Though the mode of wear is insensitive to heat treatment procedures, the 
presence of oxides at the surface is found to influence the wear behaviour of a 
material and the repassivation characteristics. Titanium alloys with high Nb 
are found to be highly beneficial with respect to wear as Nb2O5 possesses very 
good lubricating properties which is due to the fact that Nb repassivates more 





5.  SURFACE MODIFICATION OF TITANIUM ALLOYS FOR 
BIOMATERIALS 
Long term performance of surgical implants is often restricted by their surface 
properties. The poor tribological property of the titanium and its alloys, such as 
low wear resistance leads to the problem of reduced service life of the implants. 
This problem can be overcome to a large extent by suitable surface coatings [9]. 
According to the different clinical needs, there are various surface modification 
methods: 
Mechanical methods for surface treatment can be divided into methods involving 
removal of surface material by cutting (machining of the surface), abrasive action 
(grinding and polishing) and those where the treated material surface is deformed 
by particle blasting. 
• Chemical methods are based mainly on chemical reactions occurring at the 
interface between titanium and a solution (solvent cleaning, wet chemical etching, 
passivation treatments and other chemical surface treatments such as hydrogen 
peroxide treatment) 
•  Electrochemical surface methods are based on different chemical reactions 
occurring at an electrically energized surface (electrode) placed in an electrolyte  
(electropolishing and anodic oxidation or anodizing).  
• Surface modifications should provide distinct properties of interaction with cell 
molecules, which promote the adaptation or ingrowth of cells or tissue onto the 
surface of fixation elements of a medical implant or prevent cell interaction with 
the implant surface [6]. According to the different clinical needs, various surface 
modification schemes have been proposed and are shown in Table 5.1 
 









       Table 5.1:  Overview of surface modification methods for titanium and its  













5.1 Coatings for Enhanced Wear and Corrosion Resistance  
Not withstanding the fact that currently there is no completely satisfactory theory as 
to why titanium alloys show poor tribological behaviour, it is gradually emerging 
that this may be variously related to their electron structure, crystal structure, surface 
film and lubrication features. Clearly, the poor tribological behaviour of titanium 
alloys is related to their inherent characteristics, especially the surface nature. 
Consequently, this problem can only be addressed by modifying or changing the 
nature of the surface [26]. 
Various surface treatments have been exploded for improving the tribological 
properties of titanium and its alloys. Surface modification techniques such as 
physical deposition methods like ion implantation and plasma spray coating, 
thermochemical surface treatments such as nitriding, carburization and boriding 
have been used to improve the surface hardness of titanium alloys. However, the 
former techniques are prone to interfacial separation under repeated loading 
condition and the latter techniques operated at high temperatures usually cause a 
torsional or twist of the substrate. TiN coated hip and knee implants have been 
found to possess increased wear resistance and good compatibility. 
Improving the method for both wear and corrosion resistances of titanium implant 
surfaces in cases where the protection by natural surface oxide films is insufficient can 
be done though the deposition of thin films. These coatings should have a sufficiently 
high adherence to the substrate throughout the range of conditions to which the implant 
is exposed in service. They must tolerate the stress and strain variations that any 
particular part of the implant normally imposed on the coating. The coating process 
must not damage the substrate and must not induce failure in the substrate or introduce 
impurities on the surface, which may change interface properties. Coatings should be 
wear resistant, barrier layers preventive of substrate metal ion release, to low-friction 
haemocompatible, non thombogenic surface. Such surface modification could be done 
by various processes such as precipitations from the chemical vapor phase, Sol Gel 
coatings, chemical vapor deposition (CVD) or physical vapor deposition (PVD) [6,9]. 
Sundarajan et al. [9] studies on Cp Ti and Ti64 have shown enhanced corrosion 
resistance in nitrogen ion implanted materials in the Ringers solution. The 
enrichment of nitrogen in the passive film and formation of oxynitrides in the 
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implanted and passivated layers have improved the corrosion resistance of these 
alloys. TiN is produced either by depositing N on the surface with techniques like 
PVD, CVD or plasma nitriding and ion nitriding 
 The corrosion work carried out by Thair et al. [9] on ion-implanted Ti6Al7Nb has 
demonstrated that specimen’s ion-implanted at 100 KeV with a dose of 2.5 1017 
exhibit highest corrosion resistance in Ringer’s solution when compared to other 
dose parameters . Thair et al. have also noticed that while plasma nitrided 
Ti6Al7Nb alloy exhibited improved corrosion behaviour, this treatment led to 
lower corrosion resistance as compared to the nitrogen ion implanted. 
 Ti6Al7Nb due to formation of large size titanium nitride precipitates. The 
enrichment of nitrogen in the passive film and formation of oxynitrides in the 
implanted and passivated layers have improved the corrosion resistance of these 
alloys. Though the corrosion resistance of ion-implanted surface is very high the 
ion implant layer is often found to wear off with time. To overcome these 
problems associated with nitriding, high energy electron beam irradiation was 
able to develop Ti based surface composites, which improves hardness and 
enhanced wear resistance [9]. 
5.2 Thermal Oxidation of Titanium Alloys 
Thermal oxidation appeared to be very promising surface modification method for 
producing hard surfaces on titanium and titanium alloys. This method provides 
useful mechanical support of external oxide layer (OL) by an oxygen diffusion zone 
(ODZ) beneath it and results in significant improvement in wear resistance. 
Laboratory tests showed more than 25-fold increase in wear resistance upon thermal 
oxidation after 60 h [27]. 
Depending on the concentration of oxygen, the hardness gradually decreases from 
surface to the inner regions of the metal. For the sake of processing simplicity and 
enhanced surface properties such as wear and corrosion, thermal oxidation is the 
most promising surface treatment for titanium alloys. ODH has been studied with 
considerable interest as it is found to improve the abrasive wear of titanium 
alloys such as Ti6Al7Nb and Ti13Nb13Zr. Thermal treatment of titanium surfaces 
to thicken and “strengthen” the oxide film has been reported to be favorable in 
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improving the resistance of the surface towards release of soluble species of titanium 
alloys. The abrasive wear of Ti13Nb13Zr was found to be similar to Co-Cr 
alloys when its surface is hardened by ODH treatment [9, 12, 28]. 
Lopez et al. [4] studied to improve the corrosion resistance of thee vanadium-free 
titanium alloys of biomedical interest, Ti6Al7Nb, Ti13Nb13Zr and Ti15Zr4Nb, by 
growing on their surfaces an oxide protective layer. For this goal, different samples 
were oxidized in air at 750 ◦C for times ranging from 6 to 48 h. After equal oxidation 
time, the Ti6Al7Nb alloy exhibited a thinner, more compact and dense oxide layer 
(Figure 5.1) than the TiNbZr alloys, The oxidized Ti6Al7Nb alloy showed the lowest 
corrosion current densities as well as the best pitting corrosion behaviour, and is 










Figure 5.1: Cross-sectional SEM micrograph of the oxide scale formed after an 
oxidation treatment at 750 ◦C for 24 h on Ti6Al7Nb [4] 
Surface modification by oxygen diffusion hardening (ODH) has been considered to 
enhance the wear resistance of Ti6Al7Nb. This treatment provides a gradual increase 
in hardness though a relatively thick 50µm transformed layer with a maximum 
hardness of 900HV and a friction coefficient for ODH-Ti6Al7Nb against UHMWPE 
lower than other low wear materials [29]. 
A similar approach was taken by Zwicker et al. [10] for enhanced friction behaviour 
of Ti-5Al-2.5Fe against UHMWPE, using oxide films formation by thermal 
oxidation. 
Thermal oxidation is also widely applied to improve the corrosive wear 
properties of Cp Ti and Ti64 alloys. The improved performance of this technique 
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is due to the adherent surface modification by oxygen diffusion, which does not 
spall or delaminate like the overlay coatings. The hardness value of 1000 Hv is 
attained when titanium is oxidized at 625 ◦C for 30 h. However, spallation of TiO2 
layer formed is observed due to the presence of residual stress on the oxidized zone 
[9].  
Komotori et al [1] studied the corrosion response of SP700 (Ti–4.5Al–3V–2Fe–2Mo) 
and Ti6Al4V alloys, with and without surface treatments. Both kinds of alloy were 
surface-treated with: (i) an oxygen diffusion hardening process “thermal oxidation” 
(TO) and (ii) a TiN coating procedure known as arc ion plating (AIP). Results 
showed that the TO treated samples offered the best resistance to the sequential 
actions of mechanical damage (simulated abrasion) and corrosion. This is attributed 
to the TO treatment producing a stable oxide layer, for both Ti-alloys, which 
displayed a superior repassivation rate and adhesive strength compared to untreated 
and TiN coated Ti alloys. On balance, the TO process appears to offer significant 
future promise for use in bioimplants and other engineering components subjected to 
corrosive wear processes. 
5.2.1 Progress of oxidation  
Titanium metal itself is highly reactive and has an extremely high affinity for 
oxygen, this beneficial surface oxide films form spontaneously and instantly when 
fresh metal surfaces are exposed to air [31]. A variety of different stochiometries of 
titanium oxides are known to cover a wide range of oxygen to titanium ratios, such 
as Ti3O to Ti2O, Ti3O2, TiO, Ti2O3, Ti3O5 and TiO2. The most stable titanium 
oxide is TiO2 and exists in thee different crystallographic forms: Rutile, anatase 
with tetragonal and brookite with orthorombic structure. TiO2 is a stable compound 
which is resistant to chemical attack from most substance [11, 31]. 
Thermal treatment, particularly at temperatures above 200°C, significantly changes 
the microstructural properties of oxide films. The oxide film thickness increases from 
a few nanometers, typical for the “natural”, room-temperature grown film to several 
tens of nanometers for annealing (oxidation) temperatures up to 450°C and durations 
of 10–60 min [11,31]. 
At elevated temperatures formation of an outer thick oxide scale is accompanied with 
dissolution of oxygen in the subsurface zone. The solubility of oxygen in the α phase 
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amounts to about 30% and shows small variations with temperature. Oxygen 
additions to titanium stabilize α phase. According to Ti-O phase diagram oxygen 
readily dissolves more in α phase than β phase. Dissolution of oxygen in beta phase, in 
turn stabilizes alpha phase and shifts α + β transition temperature to higher values 
[31, 32]. Phase diagram of Ti-O binary system can be seen in Figure 5.2.  
In metal lattices, interstitially dissolved atoms may occupy two types of interstitial  
sites, which have octahedral and tetrahedral symmetry of lattice atoms. Octahedral  
sites are larger and may accommodate larger atoms like carbon, nitrogen and oxygen 
[31].  
Weissmann and Shier [33] carried out a strain analysis study on high purity  
titanium by X ray technique after oxidation at 825°C. They suggested that the 
ordering of oxygen atoms in the titanium lattice by filling the octahedral sites,  
consequently leaded to asymmetrical strains on the “c” and “a” axis of titanium 
lattice. They considered the fact of c/a ratio of unoxidized titanium was 3% smaller  
than ideal hcp lattice. In order to accommodate the oxygen atom in the octahedral  
hole, the strain would be larger on the “c” axis. This, in turn, resulted in the  
increment of c/a ratio and hardening of titanium due to oxygen dissolution during  
oxidation.  Borgioli et al. [34] expressed the displacement of diffraction angles of 
titanium peaks after oxidation especially at high temperatures and longer times and 














5.2.2 Kinetics of oxidation 
Oxidation proceeds by the addition of oxygen atoms to the surface of the material, 
the weight of the material usually goes up in proportion to the amount of material 
that has become oxidized (Figure 5.3) [35]. 
 
Figure 5.3: Measurement of oxidation rates [35] 
Oxidation of titanium follows different rate equations depending on temperature and 
time. Figure 5.4 gives a schematic diagram of the rate equations observed at different 
temperatures. Reaction rates and kinetics is an important basis for elucidation of 
reaction mechanisms. Rate equations which are commonly encountered may be 
classified as logarithmic, parabolic and linear [31].   
 
Figure 5.4: Schematic diagram of the rate equations observed at different 
temperatures [35] 
• Logarithmic rate equation: Below 400°C reaction is initially quite rapid 
and then drops off to low or negligible levels. Schematic illustrations of 
variation of X with time according to logarithmic rate (Figure 5.5), parabolic 
rate and linear rate (Figure 5.6) are shown in the Figures below 










Figure 5.5: Variation of measured quantity X with time during logarithmic oxidation 
[31] 
• Parabolic rate equation: Reaction rate decreases with time at temperatures 
above 600-700°C. 
X 2 = k t + C                                                                                                                                              (5.2 b)     






Figure 5.6: Variation of measured quantity X with time during parabolic and 
linear oxidation [31] 
• Linear rate equation: The rate is constant with time above 900-1000°C. 
  X = kt + C                                                                                                                  (5.2 c) 
Where X is the measured quantity due to oxidation, k is rate constant of oxidation, C is  
the  integration  constant  and  t  is  oxidation  time,  respectively . 
It is characteristics of the oxidation of a large number of metals at low temperatures 
(generally below 300-400°C) that the reaction is initially quite rapid and then drops off 
to low or negligible rates. This behaviour can often described by the logarithmic rate 
equations. Above 600°C simultaneous oxygen dissolution and oxide scale formation 
confirms parabolic oxidation. Between 400-600°C a transition occurs between 
logarithmic and parabolic where dissolution of oxygen becomes more important with 
increasing temperature. Above 900-1000°C linear oxidation is followed by a 
decreasing rate of oxidation. [31].  
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As a rule, high temperature parabolic oxidation signifies that a thermal diffusion 
process is rate determining. Such process may include a uniform diffusion of one or 
both of the reactants though a growing compact scale or a uniform diffusion of oxygen 
into the metal. 
Oxygen diffuses inwards though the compact oxide and is consumed by oxide 
growth and oxygen dissolution at the metal oxide interface [31]. Oxygen diffuses from 
the oxide - metal interface into the base metal. This penetration is a result of the high 
solubility of oxygen in titanium and relative ease of interstitial diffusion [36]. 
Diffusion of oxygen, like other interstitial solute atoms N and C, takes place by the 
interstitial mechanism in which the solute atoms successively jump from one 
interstitial site to another. 
Numerous experimental studies of oxidation reactions have shown that the temperature 
dependence of oxidation rate constants obeys an Arrhenius – type equation: 
 k = Ae (-Q/RT)       
                                                                                                                                                (5.3) 
where; A is frequency factor, Qo activation energy of oxidation, R is gas constant 
(8,3143 J/mol ºK) and T is the absolute oxidation temperature.  
Using this equation, the activation energy is determined by plotting log k as a function of 
1/T, in which case the slope of the curve is given by Q/2.303R [31].  
Guleryuz et al.[37] who studied air oxidation behaviour of  Ti6Al4V alloy between 
temperature range of 600–800◦C found the activation energies  evaluated according 
to the weight gain measurements fitted parabolic kinetics between 600 and 700 ◦C 
and linear kinetics above 700 ◦C  of 276 and 191 kJ/mol, respectively. 
Guclu et al. [27] investigated the effect of cold working on the recrystallization and 
thermal oxidation behaviours of Grade 2 quality commercial purity titanium (CP-Ti). 
Thermal oxidation of the cold worked samples was conducted at 600 and 650◦ C and 





This work aims to examine the air oxidation behaviour, corrosion and wear 
performances of a vanadium-free titanium alloy named “Ti6Al7Nb”. 
Experimental procedure was composed of thee main sections;  
        •   Oxidation treatments,  
        •   Characterization tests and 
        •   Performance tests.  
6.1 Oxidation Treatments  
In this study, Ti6Al7Nb alloy was subjected to investigation of thermal oxidation 
treatments. It was received as 8 mm diameter cold drawn rod. Before the oxidation 
process, cylindrical specimens that were cut from the rod, were successively 
ground on 240-1200 mesh SiC abrasive papers. Final polishing was conducted by 
fine grade Al2O3 slurry to achieve a mirror like surface finish.  Finally, the samples 
were ultrasonically cleaned with acetone and dried in hot air before oxidation.  
Oxidation treatment was carried out by utilizing Nabertherm laboratory type 
furnace at various temperatures ranging between 600-900°C for certain time 
intervals in 12-72 hours under normal atmospheric condition. 
For the kinetic investigation, weight gains due to oxidation were measured for each 
sample. For this purpose, weights of samples were measured with 0,1 mg accuracy 
before and after oxidation treatments.  
6.2 Characterization Tests  
Characterization of the untreated and oxidized samples was made by 
microscopic examinations, surface roughness measurements, X-ray diffraction 




6.2.1 Microscopic examinations  
Leica DM 6000M optical microscope was utilized to investigate the surface 
features of oxidized samples. Further microstructural examinations were conducted 
on cross sections of samples after preparing according to standard metallographic 
methods which consisted of mounting the samples in bakelite, grinding on 600–
1200 mesh SiC abrasive papers and polishing with 1µm abrasive Al2O3 slurry to 
achieve a mirror-like surface finish. Later they were cleaned with acetone and dried 
in hot air. In order to clarify the microstructural evolution, etching reagent 
containing 2 % HF was used.  
6.2.2 Surface roughness measurements  
In order to determine the effect of oxidation conditions on surface roughness, Veeco 
Dectac 6M was used to measure the average surface roughness (Ra) of untreated and 
oxidized samples. Surfaces of thermally oxidized and untreated samples were 
examined by scanning 1000 µm in length, using 3 mg normal load. Surface 
roughness values of samples were averaged of four successful measurements. 
6.2.3 X-ray diffraction analysis (XRD) 
XRD analysis was conducted on a GBC MMA 027 X-ray diffractometer at a 
generator voltage and current of 35kV and 28.5mA, respectively. Cu Kα radiation 
was used to irradiate the samples.  The X-ray diffraction was performed at a speed 
of 2 degree per minute with a step-scan size of 0,05°, at angles between 20°-100°. 
The different phases present in the oxide scale were identified by thin film 
technique. 
6.2.4 Hardness measurements  
Surface hardness measurements were conducted on Shimadzu HMB-2 
microhardness tester with Vickers indenter under different loads varied in between 
25 and 500 g. 
6.3 Performance Tests  
Performance of the untreated and oxidized samples was determined by corrosion and 
wear tests.  
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6.3.1 Wear tests  
Wear tests were carried out with the aim to compare wear resistances of untreated and 
thermally oxidized samples. Wear tests were conducted on a reciprocating wear 
tester, under a normal load of 1N with a 6 mm diameter Al2O3 ball. Wear tests were 
made in normal atmospheric conditions with 40 % humidity (dry sliding wear) and 
with a 2 mm /s sliding speed of 2 mm in trace length by creating scratches. Total 
sliding distance was 10000 mm.  Finally, wear tracks which occurred during the tests, 
were examined by surface profilometer, an optical microscope and scanning electron 
microscope (SEM). 
6.3.2 Corrosion tests  
Immersion corrosion tests were carried out with the purpose to compare the 
corrosion performances of untreated and thermally oxidized samples. 5 M HCl 
solution was prepared for corrosion test and cylinder-shaped samples were immersed 
in this solution. The minimum amount of the solution was determined by taking 
into  account  the ratio of solution volume over  surface  area  of  the  samples  as 0,3  
ml/mm2. Before corrosion tests, conventional metallographic methods were 
applied to the samples again. 
Results of the corrosion tests were evaluated by measuring the weight loss of the 
samples in the HCl solution. Before immersion in the HCl solution, weights of the 
samples were measured with an accuracy of 0,1 mg.  At certain intervals samples were 
removed from the solution and their weights were measured. The corroded surfaces of 





7.  RESULTS AND DISCUSSION 
7.1 Kinetics of Thermal Oxidation 
The weight gain values of the samples due to thermal oxidation are listed in Table 
7.1. Figure 7.1 presents the weight gain data normalized to the area (∆W/A) of the 
samples depending on oxidation temperature and time. For the studied oxidation 
temperature range, weight gain of the samples changed parabolically with respect to 
oxidation time. Since oxidation at 950˚C caused a thick oxide scale with numerous 
cracks and delamination, data of 950˚C are not given in Table 7.1 and Figure 7.1. 
Table 7.1: Weight gain values of samples during thermal oxidation 




(°C) 12 h 24 h 36 h 48 h 60 h 72 h 
600 0,04146 0,03941 0,03827 0,03790 0,03670 0,03540 
650 0,03412 0,10759 0,11722 0,11824 0,17498 0,17692 
700 0,39619 0,36778 0,44622 0,50184 0,54122 0,74842 
750 0,36448 0,57945 0,60438 0,82461 0,84215 0,99472 
800 0,81051 1,03515 1,19366 1,47367 1,52081 1,74933 
850 1,16622 1,76139 2,04448 2,34787 2,66565 2,95252 
900 2,44038 3,21268 3,62395 4,11474 4,48581 4,48032 
 
 
Figure 7.1: Variation of normalized weight gain values with respect to oxidation 
temperature and time 
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Figure 7.1 presents that the examined titanium alloy obeyed the parabolic kinetic law 
[23].  
 ∆W ² = kt                                                                                                                (7.1) 
where ∆W is normalized weight gain (mg/cm2) and t is oxidation time (h). The slope 
of the ‘’∆W ² - t graph’’ gives the oxidation rate which is symbolized by “k”. For this 
purpose Figure 7.2 was replotted by taking the squares of weight gain data given in 
Figure 7.1. Oxidation rates (k), calculated from oxidation processes which were 
carried out at temperatures ranging between 600-900°C, can be seen in Table 7.2. It 
was observed that oxidation rate increases with increasing oxidation temperature.  
                                                 
 
Figure 7.2: Replotting of Figure 7.1 providing the oxidation rates at temperatures 
ranging between 600 °C - 900 °C 
Table 7.2: Oxidation rates of Ti6Al7Nb alloy in normal atmospheric condition 
The temperature dependence of oxidation rate constant obeys an Arrhenius type 
equation: 
K = Ae(-QO
/RT)                                                                                                          (7.2) 
where; A is frequency factor, Qo activation energy of oxidation, R is gas constant 
(8,3143 J/mol ºK) and T is the absolute oxidation temperature.  
Oxidation Rate (k) 
600 °C 650 °C 700 °C 750 °C 800 °C 850 °C 900 °C 
0.00015 0.0004 0.0032 0.0129 0.0418 0.119 0.344 
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Using this equation, the oxidation activation energy is determined by plotting lnK as a 
function of 1/T and equaling the slope of the curve to -Q/R. 
Figure 7.3, which shows lnk-1/T graph, yielded activation energy of oxidation as 
226kJ/mol according to Equation 7.2. 
 
Figure 7.3: The Arrhenius plot of the rate constant (K) values calculated by utilizing                   
normalized weight gain (∆W/A) values presented in Figure 7.1 
7.2 Characterization of Oxidized Samples 
Microstructural characteristics of the oxidized surfaces were surveyed by microscopic 
examinations and XRD analysis.  
Thermal oxidation resulted in formation of oxide layer on the surface of Ti6Al7Nb 
alloy. Surface appearances of the oxidized samples are shown in Figure 7.4. It was 
observed that oxide layers consisted of numerous small grains. Color of oxide layer 
changed with respect to oxidation temperature and time. Before oxidation Ti6Al7Nb 
alloy had metallic color. At the first step of oxidation, the surface color of the 
oxidized samples turned from metallic color to darker and then at relatively elevated 




             
(a)                                                                   (b) 
             
(c)                                                                       (d) 
             
                                (e)                                                                       (f) 
  Figure 7.4: Optical micrographs of oxidized surfaces with respect to oxidation   
parameters (a) 600 °C, 72 h (b) 650 °C, 60 h (c) 700 °C, 48 h (d) 750 °C, 








XRD patterns of untreated and oxidized Ti6Al7Nb samples are presented in Figure 
A.1, A.2, A.3. 
On the XRD patterns of the untreated alloy, α-titanium and β-titanium peaks were 
detected (Figure A.1a). After oxidation at 600 °C, due to the penetration of X-ray 
beyond the oxide layer through the substrate, α-titanium peaks were still detectable. 
Rutile and anatase modifications of titanium dioxide formed on the surface as the 
result of oxidation treatment (Figure A.2a). It should be noted that higher oxidation 
temperatures and longer oxidation times encouraged rutile modification of TiO2 
while yielding a decrease in anatase peak. Especially above the oxidation temperature 
of 650 °C, anatase peak intensities were greatly reduced on the XRD patterns. 
However, at 900 °C rutile totally dominated the oxide structure (Figure A.3b). 
Additionally α-titanium and β-titanium peaks intensities decreased with increasing 
oxidation temperature. X-ray diffraction patterns also presented that α-titanium and β-
titanium peaks slightly shifted after oxidation indicating solid solution formation 
beneath the oxide layer due to diffusion of oxygen. This situation occurs because of 
the increase in lattice parameters due to dissolving oxygen in α-titanium and β-
titanium lattices.  
The microstructures of cross sections of oxidized samples with respect to oxidation 
parameters are represented in Table 7.3. 
At low temperatures, relatively thin oxide films, which remained integrated with the 
oxygen diffusion zone, were observed. Formation of oxide layer is accompanied with 
the dissolution of diffusing oxygen in the metal beneath it. Beneath the oxide layer 
oxygen diffusion zone appeared as a white color after etching. At sufficiently high 
temperatures, oxygen diffuses through the oxide layer, and at the metal–oxide 
interface, it reacts with titanium to form TiO2. Increasing oxidation temperature 
accelerates the oxidation rate, allowing formation of thicker oxide layer and deeper 
oxygen diffusion zone (Table 7.3 and Table 7.4). It should be noted that oxide layer 
formed at 600 °C can not be detected clearly in the optical microscope. Oxide layers 






Table 7.3: The microstructures of cross sections of oxidized samples with respect to 
oxidation parameters 
Oxidation 
Parameters Optical Micrographs SEM Images 
600°C, 72h 
  
650°C, 60 h 
  
700°C, 48 h 
 
  
750°C, 36 h 
  
800°C, 24 h 
  




Table 7.4: Effect of oxidation temperature and time on oxide thickness 
Oxidation Parameter Oxide Thickness (µm) 
 




















900 °C  12 h 
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The results of surface hardness measurements conducted on the oxidized samples are 
presented in Figure 7.5. Increasing oxidation temperature resulted in increase in 
surface hardness due to the formation of thicker oxide layer.    
       
(a)                                                               (b) 
Figure7.5: The effect of oxide thickness on surface hardness measurements of 
Ti6Al7Nb alloy that were conducted under indentation load of (a) 25g 
and (b) 100g              
7.3 Effect of Thermal Oxidation on Surface Roughness 
Surface roughness of the examined materials was evaluated in terms of Ra that 
expresses average surface roughness. In Figure 7.6, the change of surface roughness 
with respect to oxidation temperature and time is shown. While the average 
roughness of sample oxidized at 6000C was measured as approximately 0,5 µm, 
the average surface roughness of sample oxidized at 9000C was about 0,7 µm. It is 
clearly seen in Figure 7.6 that roughness of oxidized surfaces increased with 
increasing oxidation time and temperature. Therefore it can be said that oxidation 




Figure 7.6: The effect of oxidation temperature and time on the average roughness 
of oxidized surfaces. 
7.4. Effect of Thermal Oxidation Process on Surface Hardness 
The effect of indentation load of the hardness tester and the oxidation temperature on 
the surface hardness of the oxidized samples is presented in Table 7.5 and Table 7.6, 
respectively, for different oxidation times. 
 Table 7.5 presents that at a constant oxidation temperature, hardness values 
decreased while the indentation load increased. On the oxidized surfaces the lower 
hardness values obtained at higher indentation loads can be attributed to the 
involving of softer substrate due to high penetration depth of the indenter. The 
hardness values for the oxidized samples exhibited a large amount of scatter as 
indicated by the standard deviation bars. Higher oxidation temperature or lower 
indentation load yielded larger scatter in hardness values. This observation can be 
attributed to contribution of surface roughness to the indentation response of 
oxidized surfaces. 
Table 7.6 indicates that higher oxidation temperature and time provided harder 
surfaces for a constant load. As it can be seen, oxidation process raised the surface 
hardness significantly due to the increase in amount of oxygen penetrating from the 
surface with respect to increase in temperature and oxidation time.  
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As temperature increased more titanium and oxygen atoms reacted with each other 
and formed thicker oxide layer. This indicates that deeper hardened layers were 
achieved at higher oxidation temperatures and times.    
Consequently, while the surface hardness of untreated sample was about 350 HV0,1, 
after thermal oxidation treatment especially at higher temperatures, surface hardness 


























Table 7.5: The change of surface hardness of Ti6Al7Nb alloy oxidized at 600, 650, 
700, 750, 800, 900 °C with increasing indentation load of hardness tester 
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Oxidation Time  (hr)
500 gr 200 gr 100 gr 50 gr 25 gr
  














































Table 7.6: The change of surface hardness of Ti6Al7Nb alloy determined under     
                  different indentation load of the hardness tester with increasing oxidation  
                  temperatures  
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7.5 Performance Tests  
7.5.1 Wear Performance of Oxidized Surfaces 
Wear tests were carried out to evaluate the dry sliding wear performance in 
comparison with untreated and oxidized alloys. After wear tests, wear track width 
(W) and depth (D) were measured as demonstrated schematically in Figure 7.7. After 
measuring (W) and (D) values, the wear track area (A) measured according to 
Equation 7.5. Wear tracks profiles and the areas of wear tracks are shown in Table 









=                                                                                                                (7.5) 
A: Wear Track Area 
W: Wear Track Width 
D: Wear Track Depth 
According to the wear tracks profiles that are shown in Table B.1 it is clear that 
oxidation treatment improved wear resistance of Ti6Al7Nb alloy. There is a big 
difference between the wear resistances of oxidized and untreated samples. While 
wear track area of untreated sample is approximately 4133 µm2, wear track areas of 
all oxidized samples are negligible when compared to untreated sample. 
It has been reported that thermal oxidation of Ti6Al7Nb alloy results in an increase 
in surface and a reduction in both wear loss and friction coefficient [9]. 
Table 7.7 shows the results of wear tests in terms of wear track area and steady state 
friction coefficient. Wear track area of the untreated alloy was normalized by the wear 



















600◦C 72h 85 0,23 15,34 270 0,18 
650◦C 60h 110 0,3 25,90 160 0,10 
700◦C 48h 98 0,34 26,15 158 0,18 
800◦C 24h 108 0,35 29,67 139 0,20 
900◦C 12h 125 0,43 42,19 98 0,20 
Untreated 486 10,83 4133,84 1 0,30 
Table 7.7 presents that, upon thermal oxidation the wear resistance of the examined 
alloy was significantly increased in accordance with a reduction of steady state 
friction coefficient.  
These results can be attributed to the fact that Ti6Al7Nb alloy contains Nb alloying 
element in its structure. Titanium alloys with high Nb are found to be highly 
beneficial with respect to wear as Nb2O5 possesses very good lubricating 
properties which is due to the fact that Nb repassivates more quickly and the 
passive film seems to stay longer than the low Nb alloy [9]. 
The effect of thickness of the oxide layer on the wear resistance of the examined 
alloy is presented in Figure 7.8. The higher the thickness of the oxide layer, the 
lower was the relative wear resistance. This observation can be attributed to the 
increase of the surface roughness of the oxide layer with increasing oxidation 
temperature. It is suggested that higher surface roughness causes an increase in 





Figure 7.8: The effect of oxide thickness on relative wear resistance 
Optical microscopic examination revealed that on the oxidized surface, wear track 


















Table 7.8: SEM images and optical micrographs of wear tracks of untreated and 





Optical Micrographs SEM 
Untreated 
  
600 °C, 72h 
  




700 °C, 48 h 
  
800 °C, 24 h 
  




7.5.2 Corrosion performance of oxidized surfaces 
Weight losses during corrosion with respect to time for samples are given in Figure 
7.9 in the unit of mgr/cm2.  
 
Figure 7.9: Weight loss data obtained though the immersion corrosion test 
conducted in 5 M HCl 
Duration times of 24 hours caused no measurable weight loss on all of the 
samples. Untreated alloy, which exhibited the lowest corrosion resistance among the 
investigated samples, started to continuous dissolution after 24 hours of immersion. 
On the 5th day of immersion, the sample oxidized at 600°C began to dissolute and no 
measurable weight loss was detected for other oxidized samples. On the 10th day of 
corrosion test, weight loss was observed for the samples oxidized at 650 and 700°C. 
For the sample oxidized at 750°C, measurable weight loss was detected on the 20th 
day. Prolonged corrosion tests resulted in increase in weight loss due to the 
spallation of the oxide scales for some oxidized samples. For all the oxidized 
samples except the samples oxidized at 800 and 900°C, weight loss gradually 
increased with increasing immersion time. For the sample oxidized at 800°C, 
dissolution was detected on the 30th day. Data obtained from corrosion tests exhibited 
clearly that corrosion resistance increase with increasing oxidation temperatures.  
Among the investigated materials, sample oxidized at 900°C which did not show 
any weight loss for duration times of 50 days, exhibited the maximum and excellent 
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corrosion resistance.  
Figure 7.10 shows the change of weight loss with respect to oxide thickness after 
sixty day of immersion. It is clearly detected that, thicker oxide layers provide better 
protection against corrosive media. 
 
Figure 7.10: The effect of oxide thickness on weight loss of the samples immersed 
in the corrosion solution for 60 days 
Table 7.9 shows the surfaces of the samples after corrosion tests conducted on for 
different hours. In Table 7.9 lighter colored regions represent the substrate material 
while darker colored regions represent the oxide layer. Since the oxide layer is very 
effective in protecting the titanium and its alloys from the harmful effects of corrosive 
media, the surface of the sample oxidized at 900°C, is still covered with oxide layer 










Table 7.9: Surface appearances of untreated and oxidized samples after immersing 
in 5M HCl solution for 2 and 55 days  
Ti6Al7Nb 
Oxidation Parameters 
After 2 days After 55 days 
Untreated 
     
600 0C, 72h 
     
650 0C, 60h 
     
700 0C, 48h 
     
750 0C, 36h 
  
800 0C, 24h 
     





The effects of thermal oxidation process carried out in normal atmospheric condition 
at 600 °C, 650 °C, 700 °C, 750 °C, 800 °C, 850 °C, 900 °C on the properties of 
Ti6Al7Nb samples are listed below. 
1. Thermal oxidation treatment resulted in formation of an oxide layer composed of 
anatase and rutile, which are the different structures of TiO2, and a solid solution 
strengthened, oxygen diffusion zone, beneath the oxide layer. Upon increase of 
oxidation temperature and time, the thickness of the oxide layer and oxygen diffusion 
zone increased and rutile form of TiO2 became more evident.  
2. Modification of the surface of Ti6Al7Nb alloy by thermal oxidation increased the 
surface hardness from 340 HV0,1 to 1600 HV0,1.  Surface hardness of the oxidized 
alloys increased with increasing oxide thickness.  
3. Cracking or spallation was not detected on the oxide layers up to oxidation 
temperature 950 °C. Kinetic studies conducted on oxidized Ti6Al7Nb alloy at 
different temperatures for various times up to 72 hours revealed that oxidation 
activation energy was 226 kJ/mol.  
4. Thermal oxidation improved wear resistance of Ti6Al7Nb alloy considerably. 
Enhancement in wear resistance by thermal oxidation was accompanied by a reduction 
in friction coefficient. 
5. Thermal oxidation improved the corrosion resistance of Ti6Al7Nb alloy in 5 M 
HCl solution. Thick oxide layers formed at relatively high oxidation temperatures 
provided better protection against degradation in 5M HCl solution. In this respect 
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Figure A.1: XRD patterns of  (a) untreated and oxidized surfaces; (b) 600 0C 72h, 
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Figure A.2: XRD patterns of (a) 6500C- 60h (b) 7000C- 48h  (α: hcp titanium, β: 

















   
              (a)             
 
                                                                                 







                                                     (b) 
 
Figure A.3:  XRD patterns of  (a) 8000C-24 (b) 9000C- 12h (α: hcp titanium, β: 













Table B.1:  Wear track profiles of untreated and oxidized samples with respect to 
oxidation parameters 
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